Introduction {#sec1}
============

It has been said that no matter which direction cancer research turns, p53 comes into view. This is not just because of the central importance of this protein in the suppression of the vast majority of human cancer, it is also because of the central role of this protein in multiple cancer relevant pathways, including DNA repair, redox regulation, metabolism, stem cell function, and female reproduction ([@ref45]). It is an understatement to say that the contributions of Arnold Levine to this field have been astounding---his was one of the first groups to identify this protein ([@ref50]); he was the first to define its function as a tumor suppressor gene ([@ref25]) and to identify its chief negative regulator, the oncogene MDM2 ([@ref56]). He also pioneered the roles of p53 in stem cell function ([@ref55]), transcriptional regulation ([@ref70]), and female reproduction ([@ref37]), and he created some of the first drugs designed to reactivate certain mutant forms of p53 ([@ref68]). Along with Gareth Bond, Levine was among the first to determine that genetic variants in genes in the p53 pathway could influence cancer risk and the efficacy of therapy. Finally, Levine had a profound influence on the entire field of p53 research---his exemplary collegiality, enthusiasm, and insight set the example for all p53 researchers over the last 40 years.

A cancer-associated SNP, SNP309 (rs2279744), exists in the MDM2 enhancer {#sec2}
========================================================================

Murine double minute 2 homolog (MDM2) is a potent negative regulator of p53 and is overexpressed in multiple tumor types ([@ref11]). In 2004, the Levine group identified a single-nucleotide polymorphism (SNP) in the first intron of MDM2, rs2279744, which results in a T to G conversion at the 309th nucleotide, or SNP309G ([Figure 1A](#f1){ref-type="fig"}). Homozygous expression of the G allele (G/G) increases the binding affinity of the Sp1 transcription factor to its consensus sequence in the MDM2 promoter, thereby producing an 8-fold increase of MDM2 messenger RNA (mRNA) (4-fold increase of MDM2 protein) and an attenuated p53 response to DNA-damaging agents like etoposide ([@ref10]). As a negative regulator of p53, MDM2 can target p53 for proteasomal degradation ([@ref31]; [@ref24]) and bind as a complex to the p53 transactivation domain to inhibit p53 transcriptional activity ([@ref56]). Interestingly, the increase in MDM2 expression by SNP309G not only results in decreased p53 stability and activity in response to DNA damage ([@ref10]; [@ref1]), but also significantly accelerates tumor formation in Li--Fraumeni individuals containing a germline mutation in *TP53* ([@ref14]).

![Models of *TP53* pathway SNPs and their contributions to cancer. (**A**) The role of SNP285 and SNP309 on MDM2 expression. While SNP309 promotes binding for the Sp1 transcription factor, SNP285 leads to decreased Sp1 binding and serves to balance the impact of SNP309. (**B**) Localization of p53 SNPs within the functional domains of p53. The SNP rs1800371 (Pro47Ser) is localized to the TAD2; SNP rs1042522 (Pro72Arg) is localized to the PRD; and SNP rs78378222 is localized to the PAS within the 3′-UTR. TAD, transactivation domain; PRD, proline-rich domain; TD, tetramerization domain; CRD, carboxy-terminal regulatory domain; PAS, polyadenylation signal.](mjz052f1){#f1}

Following the discovery that SNP309G significantly accelerates tumor formation in Li--Fraumeni individuals, multiple groups sought to identify its role as a risk factor for the development of human malignancies ([Table 1](#TB1){ref-type="table"}). Data from subsequent studies have conflicted on the relevance of SNP309G in human cancer risk. A combined analysis of 11 breast cancer studies and five colorectal cancer studies revealed that the G/G allele did not impact the risk for developing breast or colorectal cancers in these populations, but led to significant impact on lung cancer risk ([@ref67]). These data suggest that this SNP may impact cancer risk in a tissue- or population-specific manner. Similarly, a meta-analysis involving 21 case-control studies covering multiple tumor types and ethnicities found a significant association with SNP309G in lung cancer but not breast or colorectal cancer ([@ref34]). Interestingly, the penetrance of SNP309G was low for each ethnic group analyzed, but stratification against ethnicity revealed a significantly elevated risk association between the SNP309G and Asian populations ([@ref34]). These results were corroborated by a larger meta-analysis that included an additional 41 case-control studies ([@ref66]). Notably, in the latter study, a significant risk association was seen between the homozygous G/G and heterozygous T/G genotypes and breast cancer ([@ref66]). Differences in the relationship between SNP309G and risk association in certain cancers may be explained by the finding that an activated estrogen receptor signaling pathway allows for the G allele to accelerate tumor formation in sporadic cancers ([@ref9]; [@ref12]) and the observation of gender-specific differences in tumor onset in Li--Fraumeni individuals ([@ref3]). Specifically, SNP309G resides in the area of the MDM2 promoter that is bound by the estrogen receptor ([@ref39]) and the largest differences in age of tumor onset associated with the G/G genotype were seen in premenopausal women ([@ref9]; [@ref12]). Further confounding the risk association of cancer with SNP309G is the presence of another MDM2 variant, SNP285C, which is found only in Caucasian populations (\~12% of all SNP309G alleles) and strongly reduces the binding of Sp1 to the MDM2 promoter, antagonizing the effects of SNP309G ([@ref60]; [@ref40]; [@ref41]).

###### 

**The impact of MDM2 SNP309 on cancer predisposition and age of onset**.

  **Tumor type**                       **Consequence to cancer**                                                                                                                      **References**
  ------------------------------------ ---------------------------------------------------------------------------------------------------------------------------------------------- --------------------
  Sporadic soft tissue sarcoma         Average age of onset: 57 years (T/T); 45 years (G/G). Median age of onset: 59 years (T/T); 38 years (G/G).                                     [@ref10]
  Colorectal cancer                    Average age of onset in women: 70 years (T/T); 61 years (G/G + T/G). No significant difference in men.                                         [@ref13]
  Renal cell carcinoma                 The G/G genotype of SNP309 is associated with increased risk of RCC (OR: 1.80). The G/G genotype is also associated with poor prognosis.       [@ref32]
  Gastric cancer                       The G/G genotype of SNP309 is associated with increased risk of gastric cancer (G/G vs. T/T; OR: 1.54).                                        [@ref51]
  Lung cancer                          The G/G genotype of SNP309 is associated with increased risk of non-small cell lung cancer (OR: 1.62).                                         [@ref49]
  Endometrial cancer                   Several reports show that the G/G genotype of SNP309 is associated with increased risk of endometrial cancer.                                  [@ref48];[@ref65]
  Bladder cancer                       The G/G genotype of SNP309 is associated with increased risk of bladder cancer (G/G vs. T/T + T/G; OR: 2.68).                                  [@ref58]
  Breast cancer                        The G/G genotype of SNP309 is associated with high grade tumors (OR: 1.64) and greater nodal involvement (OR: 2.51).                           [@ref60]
  Melanoma                             Median age of diagnosis among women: 59 years (T/T + T/G); 46 years (G/G).                                                                     [@ref26]
  Neuroblastoma                        The G allele of SNP309 is associated with increased risk of neuroblastoma (G/G + T/G vs. T/T; OR: 1.69).                                       [@ref16]
  Glioblastoma                         Average age of onset in glioblastoma patients with WT p53: 73.3 years (T/T); 56.3 years (G/G).                                                 [@ref38]
  Esophageal squamous cell carcinoma   The G/G genotype of SNP309 is associated with increased risk of ESCC (G/G vs. T/T; OR: 1.49).                                                  [@ref33]
  Nasopharyngeal carcinoma             The G allele of SNP309 is associated with increased risk of NPC (G/G + T/G vs. T/T; OR: 1.45).                                                 [@ref71]
  Hepatocellular carcinoma             Several reports show that the G/G genotype of SNP309 is associated with increased risk of HCC.                                                 [@ref17]; [@ref23]
  Pancreatic cancer                    The G/G and T/G genotypes of SNP309 are associated with increased risk of pancreatic cancer (G/G vs. T/T; OR: 2.07) (T/G vs. T/T; OR: 1.89).   [@ref2]

The association of MDM2 SNP309 on cancer risk or age of onset of cancer. Shown are OR values where applicable.

While environmental, gender, and ethnic factors may account for conflicting data on the role of SNP309G in the human development of cancer, mouse models of SNP309G have provided compelling evidence for its association with increased tumor burden ([@ref61]; [@ref69]). To further investigate the impact of SNP309G on tumor formation, a mouse model containing humanized *Mdm2^SNP309^* alleles was generated ([@ref61]). In addition to increased *Mdm2* mRNA in multiple tissues, mice with the homozygous G/G phenotype exhibited a diminished p53 response after DNA damage in both wild-type (WT) and mutant p53 backgrounds ([@ref61]). Analysis of the *Mdm2^SNP309G/G^* contribution to tumor burden revealed a significant decrease in overall survival in G/G mice compared to mice harboring the homozygous T/T alleles (*P* = 0.015). Additionally, *Mdm2^SNP309G/G^* mice crossed with mice containing the R172H *TP53* hotspot mutation (*p53^515A/+^*) succumbed to tumors significantly faster than *Mdm2^SNP309T/T^ p53^515A/+^* mice (*P* = 0.0005) had significantly decreased overall survival (401 and 482 days, respectively) and developed multiple primary tumors, supporting SNP309G as a risk factor for cancer susceptibility ([@ref61]).

More recently, a p53-independent role for SNP309 has been seen in a mouse model of colorectal cancer. Specifically, treatment of genetically engineered mice harboring the *Mdm2^SNP309G^* allele with the mutagen AOM led to increased expression of *Mdm2*, estrogen receptor α (ERα), and Sp1 in colon tissue compared to WT mice (*Mdm2^SNP309T^*), but there were no differences in p53 stabilization. Instead, this group found that the *Mdm2^SNP309G^* allele increased cancer risk by decreasing expression of FoxO1 and FoxO3 proteins and subsequent downstream targets involved in apoptosis ([@ref69]). An additional confounding piece of evidence suggests that other factors like tissue type may influence the impact of SNP309, as in mice, *Mdm2^SNP309G^* exhibits tissue-specific regulation and differentially impacts cancer risk ([@ref59]). These findings support the premise that variants in p53 pathway genes can have a diverse impact on tumor development.

*TP53* and the common P72R SNP {#sec3}
==============================

In human populations, codon 72 of p53 is either proline (P72) or arginine (R72). This common polymorphism shows significant ethnic bias: up to 40% of Caucasian Americans are homozygous for R72, compared to only \~8% of African Americans. It also causes a notable shift in size on sodium dodecyl sulphate--polyacrylamide gel electrophoresis gels, suggesting that this amino acid change influences p53 folding. Our group showed that this SNP markedly affects the decision between growth arrest and cell death by p53 in cell lines ([@ref20]) and in a mouse model ([@ref28]). We also showed that whereas this SNP has limited impact on cancer risk, it has a marked impact on the response of p53 to nutrient deprivation ([@ref43]) and nutrient excess, with the R72 variant driving increased inflammation in mice on a high-fat diet ([@ref42]). These findings are most consistent with a role for this in metabolism and obesity, an observation borne out by genome-wide association studies (GWAS) supporting that this SNP shows significant influence on body mass index ([@ref8]). Recently, an impact of the R72 variant, along with its increased inflammation-driving properties, has been implicated in the increased breast cancer aggressiveness in an MMTV-Erbb2 mouse model for P72 and R72 variants ([@ref30]). However, collective evidence for an impact of the R72 variant on cancer risk and response to therapy remains limited and needs further investigation.

Whereas the codon 72 SNP has limited impact on cancer risk for WT p53, our group and others have shown that this SNP markedly influences the activity of tumor-derived mutant forms of p53 ([Figure 1B](#f1){ref-type="fig"}). Levine's group was among the first to show that tumor cell lines containing mutant forms of p53 are more tumorigenic than isogenic cell lines that are null for p53 ([@ref19]). The Kaelin group showed that codon 72 influenced the ability of mutant p53 to bind and inactivate the p53-family member p73 ([@ref54]). Our group later showed that the R72 variant of mutant p53, in the background of three different p53 mutants (R175H, R273H, and A138V) conferred increased migration, invasion, and metastasis, compared to the P72 variant, in three different tumor backgrounds (lung, prostate, and osteosarcoma). Analysis of gene expression data from the TCGA breast cancer database showed that the R72 variant of mutant p53 was associated with increased expression of genes influenced by the metabolism master regulator PGC-1α, and we showed that this SNP alters the ability of mutant p53 to bind and inhibit PGC-1α and to induce Warburg metabolism. In women with breast cancer, mutant p53 with the R72 variant was significantly associated with poor prognosis ([@ref7]).

It should be noted that GWAS have failed to highlight SNP309 or the codon 72 SNP in *TP53* as major risk alleles for cancer. This is likely because such studies are presently unable to control for factors that interact with the SNP and cancer risk, such as environmental factors or the mutation of specific driver oncogenes in a particular tumor type. In contrast, a SNP in the polyadenylation signal for *TP53* is present as a significant risk factor for glioma and other tumors in GWAS studies; the high penetrance of this association likely accounts for the low frequency of this allele in human populations.

A polyadenylation signal SNP in *TP53* (rs78378222 or PAS) and cancer risk {#sec4}
==========================================================================

In addition to coding region variants, there is increasing evidence that non-coding SNPs may have a profound impact on cancer susceptibility. In 2011, a non-coding variant of *TP53* (rs78378222) was discovered, which was present in the Icelandic population at a frequency of 0.0192 ([Table 2](#TB2){ref-type="table"}). This SNP (hereafter referred to as PAS) converts the AATAAA polyadenylation signal to AATACA, resulting in impaired 3′-end processing of *TP53* mRNA. Because this SNP occurs in the 3′-UTR, it was hypothesized that overall expression of p53 might be reduced. To test this, reverse transcriptase-polymerase chain reaction (RT-PCR) analysis was performed on cells from blood and adipose tissue; this analysis revealed that PAS \[A/C\] heterozygotes expressed modestly decreased *TP53* transcript compared to WT \[A/A\] homozygotes. Interestingly, sequencing of RT-PCR products from heterozygotes showed that 73% of the mRNA species were generated from the WT p53 allele, while only 27% of p53 mRNA contained the PAS allele ([@ref63]). Collectively, the PAS variant impairs proper termination and polyadenylation of the *TP53* transcript, leading to reduced mRNA level and p53 protein. The PAS SNP has shown significant association with risk for prostate cancer (OR = 1.44), glioma (OR = 2.35), and colorectal adenoma (OR = 1.39) ([@ref63]). Surprisingly, this SNP had no impact on breast cancer, which is common in individuals with Li--Fraumeni syndrome. The SNP is also strongly associated with cutaneous basal cell carcinoma ([@ref63]).

###### 

**Common *TP53* variants and their impact on p53 function and cancer risk**.

  ***TP53* SNP**         **Consequence to p53 function and cancer risk**                                                                                                                                                                                                                                                                                            **References**
  ---------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ ----------------------------------------
  p53 PAS (rs78378222)   Frequency: \~2% in European populations. Impact on p53: results in impaired 3′-end processing and reduced p53 mRNA. Cancer risk: significant association with risk for cutaneous basal cell carcinoma (OR: 2.36), prostate cancer (OR: 1.44), glioma (OR: 2.35), and colorectal adenoma (OR: 1.39).                                        [@ref63]; [@ref47]; [@ref21]; [@ref22]
  p53 P47S (rs1800371)   Frequency: \~1% in African Americans; higher frequencies in regions of Sub-Saharan Africa. Impact on p53: defective in ferroptosis and impaired response to genotoxic stress. Cancer risk: increased association with breast cancer risk in pre-menopausal African-American women (OR: 1.72).                                              [@ref35]; [@ref57]; [@ref44]
  p53 P72R (rs1042522)   Frequency: common SNP; frequency of the R72 variant increases in a linear manner with latitude. Impact on p53: R72 predisposes to higher body mass index (BMI) and metabolic dysfunction; R72 is more efficiently targeted for degradation by the E6 protein of HPV16. Cancer risk: R72 enhances the metastatic potential of mutant p53.   [@ref42]; [@ref64]; [@ref7]

The frequency of the PAS, P47S, and P72R variants of p53, as well as their impact on p53 function and cancer risk. Shown are OR values where applicable.

In 2013, an independent group identified 128 SNPs in the untranslated regions (UTRs) of genes in a cohort of 244 diffuse large B cell lymphoma patient samples; 14 were found in the 5′-UTR, while 114 were discovered in the 3′-UTR, including PAS. To test the hypothesis that the PAS SNP indeed displays lower transcript levels, this group introduced WT and PAS forms of p53 into the p53-null H1299 cell line. They found that the PAS allele led to dramatically lower p53 mRNA levels, and in turn this led to a reduction in p53 protein expression and decreased apoptosis ([@ref47]). Since its initial discovery in 2011, several other groups have independently confirmed the role of the PAS p53 allele in cancer, including glioma, neuroblastoma, and esophageal squamous cell carcinoma ([@ref21]; [@ref72]; [@ref22]; [@ref18]). Interestingly, this SNP has been implicated recently in the etiology of Li--Fraumeni-like syndrome ([@ref52]), thus strengthening the data implicating this SNP in cancer risk. To date, a mouse model for the PAS allele has not been generated; therefore, the impact of this SNP on normal p53 function and the response of tumors to therapy remain to be determined.

The African-centric Pro47Ser variant of p53 (rs1800371) {#sec5}
=======================================================

A non-synonymous SNP at codon 47 of *TP53* exists in African descent populations (Pro47Ser, rs1800371). This SNP is second in frequency of coding region SNPs to the very common P72R SNP. The Pro47Ser variant, hereafter S47, has an allele frequency of 2%--4% in African populations and a frequency of \~1.2% in African Americans; this variant has not been detected in Caucasian Americans ([Table 2](#TB2){ref-type="table"}). In 2005, it was discovered that the S47 variant is impaired for phosphorylation of serine 46 by proline-directed kinases like p38MAPK, and inducible cell lines for the S47 variant were found to be impaired for induction of cell death ([@ref46]). To test the impact of this variant on cancer risk and progression, we generated a humanized p53 knock-in (Hupki) mouse model, in which exons 4--9 of murine p53 were replaced by human p53 exons containing either WT or S47 p53. Interestingly, we found that mice expressing S47 in homozygous or heterozygous form are susceptible to hepatocellular carcinoma and other cancers ([@ref35]). Consistent with this, we found that the S47 variant is associated with increased risk for pre-menopausal breast cancer in African-American women ([@ref57]). Mechanistically, we found that in both mouse embryonic fibroblasts from WT and S47 mice as well as human lymphoblastoid cells homozygous for WT p53 or the S47 variant, cells containing the S47 variant are markedly impaired for programmed cell death in response to several genotoxic stresses ([@ref35]; [@ref15]). Additionally, we found that S47 cells were defective for their ability to regulate ferroptosis, an iron-mediated cell death pathway that is implicated in p53-mediated tumor suppression ([@ref36]; [@ref35]; [@ref29]). This defect in ferroptosis is due to increased levels of glutathione and coenzyme A, which are potent inhibitors of ferroptosis ([@ref44]). These defects likely contribute to the tumor-prone phenotype in S47 mice.

The Pro47Ser *TP53* variant not only eliminates a key phosphorylation event on this protein, it also eliminates one of several binding sites for the peptidyl-prolyl isomerase PIN1. PIN1 interacts directly with p53, particularly when it is phosphorylated on serine 46, and it catalyzes *cis\--trans* isomerization of proline 47 of p53. The ability of PIN1 to perform this function is critical for the ability of p53 protein to traffic to mitochondria ([@ref62]), to displace the apoptosis inhibitor iASPP ([@ref53]), and to activate BAX-mediated apoptosis ([@ref27]). These findings likely explain the defect in the mitochondrial apoptosis pathway in non-transformed cells from the S47 mouse ([@ref15]). Notably, this defect in the mitochondrial cell death pathway for the S47 variant holds true only in non-transformed cells. Transformed S47 cells actually show increased binding to PIN1 and mitochondrial localization, along with increased ability to induce programmed cell death following some genotoxic stresses ([@ref4]). The reason for this difference in non-transformed and transformed cells likely reflects the existence of other PIN1-binding sites in p53. It also suggests a possible therapeutic vulnerability in tumors from S47 individuals.

Our combined findings on mouse and human cells containing the S47 variant raised the possibility that cancer patients with S47 might respond poorly to most chemotherapeutic regimens and indeed might benefit from a more personalized therapeutic regimen. To test this premise, we generated isogenic mouse and human tumor cell lines containing the WT and S47 forms of p53 and compared their response to chemotherapeutic drugs, with the goal of finding therapeutic compounds that are more efficacious in S47 tumors. The majority of tested compounds showed either no differences in drug sensitivity between WT and S47 transformed lines or reduced efficacy in S47 transformed cells. However, we found two compounds, cisplatin and an inhibitor of BET proteins, that showed superior ability to induce cell death in S47 tumor cells, as well as superior efficacy on S47 tumors ([@ref6]; [@ref4]). The BET inhibitor OTX-015 and, to a greater extent, cisplatin caused dramatic decreases in the progression of S47 tumors in a xenograft model; interestingly, the ability of cisplatin to preferentially kill S47 tumor cells occurred in a transcription-independent manner, via the direct mitochondrial cell death pathway of p53 ([@ref4]). Moreover, we found that S47 tumor cells show altered metabolism and increased dependency on glycolysis, thus providing another potential therapeutic target for S47 individuals with cancer. Specifically, we found that S47 tumor cells are significantly more sensitive to the glycolytic poison 2-deoxy-D-glucose (2-DG) ([@ref5]). Taken together, our data provide a strong argument that targeted therapy can be successfully tailored to this *TP53*.

Additional SNPs in the *TP53* pathway: cancer implications {#sec6}
==========================================================

Our increasing awareness of variants in p53 pathway genes has come to conflicting conclusions as to the relevance of these variants in cancer risk: in almost every case, these conflicting conclusions have been the result of not taking into account linked SNPs that also exist in these genes. As one example, MDM2 SNP285 (rs117039649) is located 24 nucleotides upstream of SNP309, and this eliminates a Sp1 binding site in the MDM2 enhancer/promoter; SNP285 is believed to counteract the impact of SNP309 in the small percentage of western Caucasians in which these two SNPs occur ([@ref40]). In addition, another SNP exists in the MDM4 gene; the MDM4 protein is a structural homolog of MDM2, which cooperates with MDM2 to regulate p53. SNP34091 in MDM4 (rs4245739) in the 3′-UTR of MDM4 creates a microRNA binding site and leads to altered levels of MDM4. This SNP was identified in GWAS as a cancer risk allele; however, as in the case for MDM2, this SNP is linked with several other MDM4 SNPs that are associated with cancer risk, the contribution of each SNP needs to be elucidated in more defined systems, such as mouse models, in order to clarify these issues.

Concluding remarks {#sec7}
==================

The growing complexity and potential interactions between functionally significant SNPs in genes within the p53 pathway suggest that more use of animal models should be made in order to spotlight the impact of different SNPs in different tissues. It also suggests that efforts should be made to achieve a broad snapshot of these SNPs in individual samples, such as through the analysis of platforms (PCR or micro-array based) to assess each SNP in an individual, with an analysis of the net impact of all SNPs on the activity of the p53 pathway. Such information could be useful in assessing cancer risk and in the prediction of other pathways regulated by p53, including metabolism, DNA repair, stem cell function, and others.
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